We studied the functional characteristics of subpopulations of cord blood-derived CD34
Introduction
Telomeres are tandem repeats (TTAGGG) n at chromosome ends, which protect the chromosomes from degradation, fusion, and recombination in most somatic cells, including fibroblasts, blood leukocytes, and endothelial cells. 1, 2 It has been demonstrated that telomeres became shorter after cell division, and that cells show growth arrest when telomere length reaches a critical point. [3] [4] [5] Telomerase, a ribonucleoprotein enzyme, synthesizes telomeric repeats at the ends of chromosomes to maintain telomere length. 2, 6 Since telomerase activity is absent in most somatic cells, telomere shortening occurs in these cells. [7] [8] [9] [10] In contrast, immortal tumor cell lines and germ cell tissues show high levels of telomerase activity, resulting in a stable telomere length and unlimited proliferation. 7, 11 It was recently reported that human hematopoietic stem/progenitor cells and activated lymphocytes exhibit low levels of telomerase activity. [12] [13] [14] However, telomere shortening is observed in these cells, implying that the level of activity is insufficient to maintain stable telomere length and that the proliferative potential of these cells is limited. 5, 13, 15, 16 Interestingly, it was reported that the developmental characteristic most consistently associated with telomerase expression is self-renewal potential.
14 Moreover, telomerase is up-regulated when cells enter the cell cycle. 12, 13, 16 These findings suggest that telomerase expression by hematopoietic stem/progenitor cells may correlate with their proliferative capacity.
In the present study, telomerase expression in subpopulations of cord blood (CB)-derived CD34
+ cells was investigated using a sensitive polymerase chain reaction-based telomeric repeat amplification protocol (TRAP). 17, 18 Then the pattern of telomerase expression in each subpopulation was compared with the distribution of long-term culture-initiating cells (LTC-IC), which represent primitive hematopoietic progenitor cells in vitro. 19 Our results suggested that telomerase activity was low in certain fractions of CB-derived CD34
+ cells which were rich in primitive hematopoietic progenitor cells.
Materials and methods

Recombinant factors
Purified bacterially-derived recombinant human interleukin-3 (IL-3), granulocyte/macrophage (GM) colony-stimulating factor (CSF), granulocyte (G)-CSF, stem cell factor (SCF), and purified CHO-cell derived recombinant human erythropoietin (Epo) were generous gifts from Kirin Brewery Co. (Tokyo, Japan). Purified E. coli-derived recombinant human IL-6 was kindly provided by Ajinomoto Co (Yokohama, Japan).
Cell preparation
After informed consent was obtained, CB samples from the umbilical cord veins of full-term neonates were collected into sterile tubes containing 20 U/ml of preservative-free heparin. Low-density CB cells (Ͻ1.077 g/ml) were separated by FicollPaque (Pharmacia, Piscataway, NJ, USA) density-gradient centrifugation at 400 g for 30 min. Mononuclear (MN) non-adherent (NA) cells were recovered by overnight adherence to plastic dishes. The MNNA cell fraction was further enriched by negative selection using soybean agglutinin (SBA) MicroCELLector flasks (Applied Immune Science, Menlo Park, CA, USA) according to the instructions of the manufacturer (CBderived SBA − cells). The SBA − cells contained an average of 3.98 ± 2.89% (n = 52) CD34
+ cells by FACS analysis. For some experiments, null cell fractions were used instead of SBA − cells, as previously reported. [20] [21] [22] Purification of hematopoietic progenitor cells by fluorescence-activated cell sorter (FACS) Sorting gates were first established for both intermediate forward scatter (FSC) and low side scatter (SSC). A dual-parameter dot diagram displaying FITC (CD34) and PE (CD38 and c-kit) fluorescence was then generated from the gated events. Using the gated dot diagrams, each subpopulation of CD34 + cells was sorted for clonal cell culture, LTC-IC assay and TRAP assay, as described later. Data acquisition was performed using FACStar Plus Research software or CELLQuest and at least 20 000 events were analyzed for each sample. We isolated the subpopulations of CD34 + cells as specified later. The phenotypic purity of sorted cells exceeded 90% as determined by post-sorting flow cytometric analysis. After sorting, the recovered cells were washed twice with ␣-medium and cultured as described below.
Clonal cell culutre
Cultures were carried out in 35-mm Lux suspension culture dishes (No. 171099, Nunc, Naperville, IL, USA), as reported elsewhere. [20] [21] [22] [23] [24] [25] One milliliter of culture contained 200 sorted cells, 1.2% of 1500 centipoise methylcellulose (MTC, Shinetsu Chemical, Tokyo, Japan), 30% FCS, 1% deionized fraction V bovine serum albumin (BSA, Sigma Chemical, St Louis, MO, USA), 5 × 10 −5 mol/l 2-mercaptoethanol (2-ME, Sigma), and various combinations of CSFs. Final concentrations of each CSF were as follows: IL-3, 10 ng/ml; GM-CSF, 10 ng/ml; G-CSF, 20 ng/ml; Epo, 2 U/ml; SCF, 20 ng/ml. These concentrations supported maximal total colony formation in preliminary titration experiments (data not shown).
Dishes were incubated at 37°C in a fully-humidified atmosphere flushed with a combination of 5% CO 2 , 5% O 2 , and 90% N 2 . On day 14 of incubation, all colonies were scored under an inverted microscope according to their typical morphologic features, as reported elsewhere. [20] [21] [22] [23] [24] [25] The types of colonies identified in situ were granulocyte (G), macrophage (M), granulocyte/macrophage (GM), erythroid burst (B), eosinophil (Eo) and erythrocyte-containing mixed (CFU-Mix) colonies.
Long-term bone marrow culture (LTBMC)
Ten thousand sorted cells were plated on allogeneic preestablished irradiated bone marrow (BM) stromal layer cultured in stromal medium (␣-medium, 10% FCS, 10% horse serum (Bio Whittaker, Walkersville, MD, USA), 5 × 10 −5 mol/l 2-ME, and 10 −6 mol/l hydrocortisone (Japan Upjohn, Tokyo, Japan)). In order to establish the stromal layer, normal allogeneic BM mononuclear cells were cultured in 25 cm 2 flasks (No. 163371, Nunc, Roskilde, Denmark) for several weeks, according to the reported method with minor modifications. 19, 26 Briefly, from 1 × 10 6 to 3 × 10 6 BM cells per flask were suspended in 5 ml of stromal medium and cultured at 37°C in a fully humidified atmosphere flushed with 5% CO 2 . Half of the medium was replaced weekly with fresh medium. When the allogeneic BM stromal layers reached confluence, nonadherent cells were removed and the adherent cells were trypsinized with 0.25% trypsin and 2% EDTA. The recovered cells were washed twice with fresh medium and plated in 4-well dishes (No. 176740, Nunc) at a density of 1 × 10 5 cells per well. After reaching confluence, the cells were irradiated at a dose of 1500 cGy.
Cultures were incubated in a humidified atmosphere at 37°C flushed with 5% CO 2 . At weekly intervals, half of the medium was replaced with fresh medium containing nonadherent cells recovered from the supernatant. After 5, 7 and 9 weeks, nonadherent cells and adherent cells were collected. Both types of cells were then assayed for colony-forming cells (CFC) in the presence of optimal concentrations of IL-3,GM-CSF, G-CSF, Epo and SCF, as described elsewhere. [22] [23] [24] [25] In this experiment, we also added 100 U/ml of IL-6, which had a maximal effect on the maturation of megakaryocyte progenitors in culture. 25 
Limiting dilution analysis of long-term cultureinitiating cells (LTC-IC)
Cocultures were established by incubating cells from five sorted CD34
+ subfractions, including CD38 + or − and ckit high/low/− cells, in 96-well plates precoated with a murine stromal cell line (MS- 5 27 ), instead of allogeneic BM stromal cells, as reported elsewhere. 28 In brief, MS-5 stromal cells were maintained in ␣-medium supplemented with 10% FCS. For coculture with enriched human progenitors, unirradiated MS-5 feeders were established in 96-well plates (3 × 10 3 cells/well). To avoid early detachment of the stromal layer, we used gelatin-coated plates (MS-0096G, Sumitomo Bakelite, Tokyo, Japan). In these limiting dilution experiments, each CD34 + subfraction was seeded at four different initial cell concentrations (from 2 to 100 cells/well), using a mean of 40 ± 8 replicate wells for two to 10 cells and 28 ± 7 wells for 20 to 100 cells.
Cocultures were initiated in the above-mentioned stromal medium without hydrocortisone and fed every week by halfmedium change. Cultures were sacrificed after 5 weeks and the progenitors in each well were assayed by culture in methylcellulose containing optimum concentrations of IL-3, GM-CSF, G-CSF, Epo, SCF and IL-6, as reported elsewhere. 29, 30 with minor modifications 17, 18 , using a TRAP-eze kit (Oncor, Gaithersburg, MD, USA). Briefly, 50 l of TRAP reaction mixture was used, containing CHAPS cell extract, 0.1 pmol of fluorescent-labeled TS forward primer (5′-AATCCGTCGAGAGTT-3′), 2 units of Taq DNA polymerase, 5 l of 10 × TRAP buffer, 1 l of 50 × dNTPs, and 1 l of TRAP primer mixture. The mixture was then applied for polymerase-chain reaction (27 rounds at 94°C for 30 s, 55°C for 30 s and 72°C for 1.5 min). The reaction products (1.5 l) were subjected to 12% denaturing electrophoresis in an automated laser fluorescence (ALF) DNA sequencer II (Pharmacia Biotech, Uppsala, Sweden), and were analyzed by the Fragment manager program (Pharmacia Biotech). For standardization of telomerase activity, we used a 36 bp internal standard that was included in the TRAP-eze kit. The telomerase activity signals in each sample were normalized to the signal of the internal standard for 100 cell equivalents, and then expressed as telomerase product generation (TPG) using the TSR8 signal as recommended by the supplier. TPG was calculated as follows: (telomerase signal/internal standard signal)/(TSR8 signal/internal standard signal in TSR8) × 100.
Statistical analysis
The significance of differences between mean values was determined using the two-tailed Student's t-test. The frequency of LTC-IC in the initial population was calculated by Poisson statistics, as reported elsewhere.
19,31
Results
Expression of differentiation antigens by CB-derived CD34
+ cells First, two-color flow cytometric analysis was performed to study the expression of CD38 and c-kit antigens on the surfaces of CB-derived CD34 + cells. The majority of CB-derived CD34 + cells expressed CD38 antigen (94.8 ± 1.9%, n = 7). In contrast, c-kit antigen was detected on 52.6 ± 19.1% (n = 9) of these CD34 + cells. CD38 antigen expression was slightly lower (not statistically significant) than that by PB-derived CD34 + cells. 28 On the other hand, c-kit antigen expression was significantly higher (P Ͻ 0.001) than that by PB-derived CD34 + cells. 
Quantitation of LTC-IC by limiting dilution analysis
As previously reported, 19 ,28 the number of clonogenic progenitors detected after 5 weeks of coculture was linearly related to the number of input cells placed on to pre-established BM stromal cells. These experiments showed the LTC-IC frequency in the original population, but the values were only relative. In order to obtain the absolute incidence of LTC-IC in each of the five CD34 + subpopulations, we performed limiting dilution experiments. Representative data are shown in Figure 2 . The frequency of negative wells was determined and the frequency of LTC-IC in the initial population was calculated by Poisson statistics. 19, 31 The CD34 +
CD38
− cell population was shown to be rich in LTC-IC derived from CB CD34 + cells and the frequency of LTC-IC in this population was one per 32 cells. Interestingly, LTC-IC also accounted for one out of 33 CD34 
− cell populations contained largely CFU-GM.
Table 1
Number of colony-forming cells generated on irradiated allogeneic stromal layers after 5, 7 and 9 weeks of cocultures of each subpopulation of CB-derived CD34 + cells Telomerase activity in subpopulations of CB-derived CD34 + cells
Target cells
Finally, we measured the telomerase activity of each of the five subpopulations derived from CB CD34 + cells. Representative fluorocurves are shown in Figure 3 . Telomerase activity of the sorted cells was expressed as telomerase product generation (TPG). Data from four independent experiments are presented in 
Discussion
Recently, we reported the functional characteristics of PBderived CD34
+ cells which were mobilized by a combination of chemotherapy and G-CSF (MPB CD34 + ), 28 and demonstrated that there may be significant functional differences between MPB-, CB-, and BM-derived CD34 + cells expressing the same levels of cell surface antigens or receptors. However, the functional characteristics of CD34 + cells derived from different sources have not been fully determined. [33] [34] [35] [36] In this study, we first investigated the colony-forming ability of CB-derived CD34
+ cells expressing different levels of CD38 or c-kit antigen. Our clonal cell culture study suggested that CD34 +
CD38
+ and CD34 + c-kit high/low cells contained more committed progenitors than their antigen-negative counterparts, and that they had a much higher proliferative potential. In our previous report, 28 we suggested that MPB CD34 + CD38 + cells had a higher proliferative and replating potential than their CD38 − counterparts, and the CD38 antigen is not a useful marker for enrichment with LTC-IC (after 5 weeks of coculture with stromal cells) derived from MPB CD34 + cells. This was in striking contrast to previous studies, in which the CD34 +
− immunophenotype was reported to define primitive progenitor cells. 33 
Figure 2
Representative data for limiting dilution assays from three independent experiments are shown. Decreasing numbers of each of five subpopulations of CD34 + cells were seeded into MS-5 feeders and the number of clonogenic cells detectable after 5 weeks of coculture was determined. In these experiments, the frequency of LTC-IC in the initial cell population was as follows; 1per 84 cells for CD34 in this study that CB-derived CD34 + CD38 − cells were highly enriched in LTC-IC and were able to generate CFCs up to 9 weeks after the initiation of coculture with allogeneic BM stromal cells. In contrast, their CD34 +
CD38
+ counterparts only generated a few CFCs after 7 weeks of coculture. Our sensitive TRAP assay clearly indicated that telomerase activity was consistently higher in the CD34 +
+ cell population, further supporting their higher proliferative capacity. Alternatively, the CD34 + CD38 − cell population may be rich in primitive stem/progenitor cells with self-renewal potential which resides in the G 0 phase of the cell cycle. These results are consistent with earlier reports that BM-derived CD34 +
− cells have a longer terminal restriction fragment (TRF) length than their CD34 + CD38 + counterparts, 15 and that CD34 + CD38 + committed progenitors express higher telomerase activity. 12, 13, 16 It is well documented that the c-kit/SCF system plays an important role in the early stage of hematopoiesis. 43 clearly demonstrated that extended longterm culture-initiating cells (ELTC-IC) detected after Ͼ8weeks of coculture are functionally distinct from standard LTC-IC (detected after 5-8 weeks of coculture), and that ELTC-IC represent a more quiescent progenitor population. These results suggest that human primitive stem/progenitors which have a higher replicate potential are enriched in this CD34 + c-kit − cell population. Furthermore, the telomerase activity of CD34 + ckit − cells measured by the sensitive TRAP assay was consistently lower than that of CD34 + c-kit high/low cells, suggesting that the former cell population may be more quiescent than the latter.
In the murine hematopoietic system, primitive stem cells supporting long-term repopulation of total hematopoiesis (including lymphoid cells) in lethally irradiated mice express c-kit antigen in addition to Sca-1 antigen. 38 However, it was reported that a neutralizing anti-c-kit mAb (ACK-2) completely suppressed day-8 spleen colony-forming cells (CFU-S), while a small number of day-12 CFU-S were spared, 39 suggesting that more primitive stem cells express lower levels of c-kit
Telomerase expression by subpopulations of CB CD34
+ cells H Sakabe et al
Figure 3
Representative fluorocurves showing telomerase activity in sorted CD34
+ cord blood cells (lanes 2-6) and K562 cells (lane 7). Multiple peaks correspond to telomeric repeats that were synthesized in the presence of telomerase of the sorted CD34 + cells. To quantitate telomerase activity, we used the internal standard showing a peak at 36 bp (arrow). The results were analyzed by the Fragment Manager System and the area of telomerase signals was compared to the area of the internal standard signal. In each case, telomerase activity is expressed as telomerase product generation (TPG) (Ref. − /c-kit low cells. They defined these cells, which appeared to be c-kit − on FACS analysis, as c-kit
Ͻlow cells. These discrepancies between human and murine studies may reflect differences in experimental methods as well as species-specific differences.
In summary, we investigated the stem cell characteristics of subpopulations of CB-derived CD34
+ cells, and compared the incidence of LTC-IC with the pattern of telomerase expression + CD38 − cells. Further studies using multicolor flow cytometry and cell sorting as well as in vivo characterization of sorted cells using NOD/SCID mice to measure repopulating capacity will be required to fully understand the immunophenotype of human primitive hematopoietic stem/progenitor cells. In addition, a technique that could measure telomerase activity at the singlecell level would be useful for identifying human primitive stem cells with self-renewal potential.
